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Interflo w pr o cess es o nhllslope ofbro ad-le av ed Kore an puleforest incatchme nt of
Erda ob aiⅠ- v cr
,
which is the so llrCe OfSonghu ariv er, w a s si･nulatedin ForestHydrological
Modeling Labor atory ofCha ngbaiMo u ntainForest Eco syste m Res e ar ch Statio n, Chines e
Ac ade my of Scien ces･ Sa血r ated c o n血 ct1vity and effe ctiv epor osib, ofs oil onhl lslope of
bro ad1 e a v ed Ko re anpin eforest w ere zn e asⅧred, and subm odels ofs aturated c ondu cdvity
a ndeffe ctiv eporo si匂′ w er e establislled wi th depth 丘o m s urfa ce separ ately. s ubsdtutilq;thos e
s ubtn odelsinto SIo an's storage-dis charge m odel and a cc ordlng tO the adjusted m odel, the
pr oc esses of interflo w w er e sin ulat6d. After colⅡpar 1ng the simulatio n r estllts predicted by
o ur m odel
,
e 7(PO n elltialm odel(Robins o n,1 996), Slo a 且
'
s m odel s eparately wi 血obs erv ed
results, tlle PredlCtlng Pre cisio n of 血e adjusted stor age -discharge m odel to inぬrflo w･
pr oc esses onhl lslope offo restc atchm entw aspres ented.
I N TR ODU CT IO N
Interflo wis slow andsteady,its c ur rentvelo sityis abo ut0.2mA. Inte rflow plays ave ryimpo rta nt
rolein cha ngmgrain sto r m
- ru n otfpr o c e s.se § o nfore stcatchm e nt,flatting
･top andprolongingthe r un off
tim e
,
redu cingthe flo od disa st早r,in cr e a sl ng the u se efBcie n cy of w ater r e s o u rc e s. lnte r恥 w o n
hills ope offorestc atclme ntis animportarltlinkofw ate r cyclingln e c o syste min which w atershedis
a s aumit･ Studyingitstr ansformation me chamim andhydrologicalpr o c e s s es, s etting upa ndperfe cting
the m odelwillnot o nlyemichthethe o ry ofexperim erltal fore sthydrology,butals opro videthebasis
for hydrologicala nalysIS a nd calculation of fo rest catchm ent, design, m anagem ent and buildiTlg Of
w ate r c onserv ation for est.
Interflo w m odelde v elopedinthe whole w o rldu ntiln ow c a nbedivided into3types r o ughly:finite
ele m ent m odelo r丘nitedifer e ntialmddelba sed o ntheRichards equatio n, kinema.tic w a v em odelland
sto rage -dis charge m odel ba s ed o nthe-kin e m atic w ave and kin e m atic a ss u mptl O n S Separately.
Pre cisio n of 血ite ele m e nt or 血ite difFerential m odel isl出1e bit high, but calc ulatio nis very
c o mplicated. Soitis not s uitable forfore c astlng r apidly a nd is difRcultto expandto the whole
catchm e nt. Kinem atic w ave m odel is onlyfit for L<0.75(拒4ico s蛾 sin
2
α), s oits applicatio n
‾
is
limited. Slo a nputfo r w ard(Slo an a nd Mo o r e,1 984)sto r age-discha rge m odel in1983. Slo an and
Moore(198 4)applied丘nite elem ent m odel, kinen atic w ave m odel andstor age -discharge m odelin
fo re st c atchm e nt
,
a nd c o mpar edthefo r e c a stlng re s ults. It show s tha.t sto r age-discharge m odel ha s
higherpre cisio n,lo w c a st, and w a spo ssibletolinktobe abette r c atchm ent m odel. Be v e n etal(1982b)
believethats aturatedc ondu ctivityk8 andeffe ctiveporo sityO由一0, ar etw oimpo rtarltphysicalpa ram ete rs
when interflo w w a s simulated
,
a nd bothof the mde cre as ewiththedepth. How ever,SIo antre ated ks
a nd Os -0, a s c o nstants whe nhe sim ulatedinterflo w on hillsope of fore st c a.tchment with sto rage-
dis charge m odel. W hen Rob inson and Sivapalan(1996)simulated inter丑o w withstorage-dis charge
m odel on hills ope of fore st c atchm ent, they suppo s ed that s atur ated c?nductivlty decre as ed
exponential1y withthedepth Bas edo nthis,itlSpossibletofo rm a satu rated2:Oneinthe s oilunde rthe
rainfallinte n slty, the nthis zone willde v elop up a nd do wn, and fin allyfo r m eda w aterdischarge atthe
o utlets e ction of hillslope. Unfol .u natelytheydidnot c o nsiderthisno w,therefore,theyw ere notable
to sim ulatetheirlterBo wpr o c e ss e s ofc atchm e ntre alistically. Thispapertrytodo s om eimprove m e nt.
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M E TIIOD
Usingfore stcatchm e nt of Erda ob airiv er, w hichis･the s ou rc e ofSo nghua riv er, astheba ckgr o u nd,
the inte r鮎 w on hillslope of br o ad-le a v ed Kore an pln efo r e st w as sirn ulatedin Fore st Hydr ologlCal
ModelingLaborato ry. Fir stly, o n e of plot which hasthe s a m e are a asunderlying m odeltroughandis
typicalofthiskindofforest, w a s s el cted, s emi-de c o mpo s edand Ron
-de c ompo s ed litte r s c o ve red o n
the forest且o o r were c o□ected forlaterus e. Al lthe s oil w e re s ampled a c c ordingto diferentlaye rs.
Fir stlayerislo a m s oil, then albic soila ndlo e ss, totaldepth ofsoils a mplesis lm ･ Duringthe soil
s ampling, allthe ro ots ins oilw ere c olle cted･ ARerthe s a mple s, whichin cludelitte r, r o otaJlddi飽rent
layer ofs oil, w e retake nirltOthelabor ato ry, w ebega nto sim ulatethefo r est s oilchara cteristicsillthe
under払g m odeltr oughLoes s w asputintothebottom oftrough丘rstly, the n c o mpactedthe soiluntil
relativ e error ofthebul kde n sitybetw ee nfields oilandsim ulateds oilis within 5 %･ T hc albic s oila nd
lo a m s oilw ere sim ulatedin the s am e
_
w ay･ T hedepthofe v erylaye ris33･3c m, a nd wi thtotal depthof
lm . Sin c e m o st ofthe r o otdistributedin up-laye r ofthe s oil, r o ot w e r eputintothe s oila土 r a ndom ,
s o m e ofthethickroots w e retaken out. After allthe s oillayer sir n ulatio n w e r e丘nished,thelitter sw ere
put on the s urfac ea c c o rdilgtOthe o rde rinfo r estflo o r･ Rai 血11w as c o ntr oned bythe r ainfdlsyste m･
3 diHe r erEt rain免ユ1 events w e re sim ulated .eve nt 1:intensityis 0.5 2m m/ min and pr e cIPltatio nis
156.Om m, e v e nt 2:intensity lS 1.2m m/ min and pre cIPltatio nis 216.Om Tn, e v e nt 3:inte n sity is
1.9m 皿/min and pre clpltation is342.Om m. During
■the rainfall
,
the pro ces ses ofs urface runotfand
irlte rflo w w er e obs ervedat the outlets e ctio n ofthe underlying m odeltro ugh. Flo w w a sm e a s ured by
V-tro ughm e as u n ng m eterin the m e as u ri ngSyste m Whichw as c o ntr olled byc o mpute r c ontr olsyste m.
At thehillsopeoftypic albroad-leavedKorea npin efo re st, 1-2 ofsaJnPling pol ntin upper, middle
andlo w er slopepo sitio n w as arrnged. In eachs a mplingpolnt, s oils a mple s w e r etal'e nindiqerents oil
depthatOc m,20c m, 40c rn, 60cm , 80c m andlOOc m , Andtheir sa.tura.ted c o ndu ctivity a nd effective
po r o sity w ere m ea sured. Effe ctiv epo r o sityis : め(z)=eB-er,eBis s atu r atedv olu m etric poisfur e ofsoil
s a mple, Oris re sidualv olumetric moistu re ofs oils ample. T止ing a v erage ofsatur a土ed c ondu ctivlty
m e as u r ed inthe s am edepth, regr e sioningal1of the conductivity m e as u red indifere ntdepth withthe
c o rre甲O nding s oil depth, w e e stablis中the s atu r ated c o ndu ctivity s ubm odel･ Effe ctiv e po r o sity
s ubm odel.c a nbe de v eloped in the s am ew ay, Taking the s oils a mple s丘o mthe underlying m odel
tro ughin differe nt depth, m e as uring their s atu r ated co nductivity and effe ctiv e po ro sity, the n
s ubstitutingthe m easu re mentr es ultsintothetw o c orr e spo nding m odels,thepar am ete rs ofs oilin the
trough w ere detemined. Fir stly, substitutlng the satur ated c o ndu ctivity ?ubm odel and effe ctive
ppr o sitysubn odel,both of the m us ethepara m ete rs m e asu redbye xperim e nt,into sto r age
-dis charge
m odel,the ninter丑o wpro c es s esunderdiffer e ntrainfallcondito n sw e re sim ulated . Se c o ndly, s aturated
condu ctivitya ndeffe ctiv eporo sityar etake n a s a c o n stat,this m e an sthey ar e n o cha nge with the s oil
depth , simulatlngthe inte r鮎 w proc es s es of differ e ntlayer o nc o mpute runder3 difrfer e nt rainfal
c o ndito nde s cribedas abo v e. Last, s upposedthts atu r atedc o nductivityde cr e a s ede xpo n erltially with
the s oil･depth, interflo w pro c e sse w ere sim ulated in the s a m e w ay. Co mparing the interflo w
pr o c es s es ob er v ed by experim e nt withthre e simulated iTlterflo w pr o c e ss e s o n c o mputer. W e c a n
e stim atethepr e cision ofthe m s eparately.
A N A L Y SIS A NI) RES UL TS
Theide aled hillslopes egm e ntha s a nimperm eableboundary orbed, ofslope α, le ngthL, and a
soilpr o丘1e ofc onsta nt thickne ssD(asis show inFigu re1). The n,theb alan ce ofw ater, per u nit widtb､
canbe w ritten a s:
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Zs D
ated
Figu re1 T heidealed hl lslope
dv
盲
=i(I)‾Q(t)
h屯
(1)
where visthedrainable v olu m e ofw aterin the s atu ratedz o n e
,
i(t)isthe rate ofw ate rinput舟om the
u ns atu rated zo n etothe s atur ated zone
,
tistime
, Q(t)isthedis charge丘
･
o mthehillsope. The equ atio n
ofu n satu r atedc ondu ctivityc anbe writte n a s equ ation :(Br ooksICo r ey,198 4)
K(e,z)- Ks(2.)〔認
”
(ユ)
wher ek(0,z), ks(z)are uns atu r atedc ondu ctivity and s aturated c o ndu ctivity atdepth z s epa rately,Os,
Or,0 ar ethe s aturated volu m etric w ater c ozlte nt, reSidualvolu m etric w a.ter c o nte nt and v olum etric
w ate r conte nts eparately･ Nis apore siz edistributio nindex, a(i)(頚s-0,)is effe ctiveporo sity.
Beve n(1982)had pointed o ut thatboth s aturated c o nductivity and efe ctive poro sityte ndto
de c re as ewith depth intothe s oilpro
IBle
･ and w chadget the equatio nbyexpelim ezlt atBleldinfor est
c atchm e nt a s:
k
s(z) = k｡ - flln(z)■ (3a)
a?(z)- a). - f21n(I) (3b)
wher eko, ks(z)isthe s aturatedc o ndu ctivityat surfa ce ofs oilprofi1e andatdepth zSepar ately;zisthe
depth 丘o m s u rfac e, a.isthe effe ctiv eporo sityat su rfa c e ofs oilpr o丘1e, flj2, arePar am eters, andthe
unit ofzis cm .
W e c ansuppo s ethat the s oil isis otropic, then both ko and o)o do n ot change on the dir e ction
paral1eledふiththe s urfa c e ofs oilpr ofile Thepistondisplacement m odel(Beve n, 1982)asu m edthata
sharp pisto n-like wetting(ordrying)&ontde v elops atthe s urfac eduring a rainfal eve nt and m o ves
do wn vertic allythr oughthe s oilpr o丘1e. Itis furthe ras s um edthat the m axim um w ate rc ontent ofthe
pisto n-like w etting丘
.
o nt adjustsits elfto theperc ohtion r ateR(Ris raiⅠ曲11rate), andthe w ater c ontent
above the w etting &ontbe com este ady･ The n u sing Da rcy
'
slaw a nd kin e matic as s u mptlO nin the
u ns atu r ated zone abovethe w ettingfront w e c a nwrite ;
0(R,z)- er ＋(a)
1/”
(o)o - f2hlZ) (4)
where e(R,I)isthe v olu m etric w ate rconte ntatdepth z a ndu nderrainfallra工eR.
We as su m ethat the w ater conte ntin s oilbefore rainfall ha sre ached residualw ater c orltent0, ,
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then
,
usingthe c o ntinuityequationforthe un s att mted zone above w etting &ont w e c an Write the rate
ofw etting&o ntde v elopm entinun s aturatedzo n e as ;･
d2
f R
dt e(R,zf)- e,
C O S α (5)
Be c au sethe s atu r atedc o ndu ctivityde cr e a s e swith depth, under rains:al rate R a s atu r ated zone
for ms pr obably at depthzB, andit willbec am ethicker gradually, The delaytim eisthetim e which
w etting舟o ntr e a che sthedepth zs&om s u rfa c e ofs oil, a nd itdepends on the n ature ofs oilandr ainfall
r ate･ W hen the w etting&o ntjust re a che sthedepth zs, the s aturated zo n ebeginsto fo r m.
depth z, w e can write I
K
s(ち)- R
then, thedepthZ8 C anbegive na s=
0 R >- Ko
ko - R
e
/I ko > R > ko - flln D
D R<Ko - f.lnD
byintegratingequatio n(5)&o m0to zs w e c an writethedelaytim e as
td 〒志盲]o
z
s
[0(R,I)- 0,”
(6)
(7)
(8)
So, at the
Whe nthe rainfdlrate R isle s s■than the s urfa c e s atu r ated c o ndu ctivity,
Ithe perc olatio n rate of
w ate ris affe cted mainlybyrainfdlrate,but whe nthe rain創1r ate lSgre aterthanth8 S urfa c e s atu r ated
co ndu ctivity,theper c ola･tio n rate ofw ateris affe ctedbyboth-the rainf:allrate andthe s u rfa c e s atu r ated
c o nductivity, s othe rate ofw ate rinput丘o muns atu r ated zo n eto saturated zone c a nbe wdtte n a s
i(I,-(i
*∫
wheretLis rainf:alltim e･ a nd IisglVen a S
I-
t ≦t
,
＋td
l> t
,
＋td
Rc os a R ≦ko
(2･5ko ＋R)c o s α/35 R> ko
(9)
(10)
A 鮎rthe･s aturatedzon ehad fo r m ed
, w e as s u m edthat the rate ofw etting&orltdev elopm e nt c anbe
wdtte n a s
dz
/ Ⅰ
di
-
b
B(zfトe,
乙f<D
and a鮎rthe w etting丘
･
ont re a che stheimperm e ablebed, w e mu stha ve
%- o zf - D
(ll)
(1 2)
byintegr atingequ atio n(1 1)betw e e n[zs,D]w e c an write o ut:
t
u
- id ･†[(oo ･f2)D - f2D lnD -(の. ･f2)zs ＋f2Zslnzs] '1 3,
then
,
a洗e rthe s atu r atedz o n eform ed
,
the rehtio n shipbetw e nthedepthofw ettin紳 o nt andtim e c an
begiv e n a s
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i - td ･壬[(のo ･f,)zf -f2Z/1nz/ -(oo 十f2)zs ･f,zBlnzs]t <t”
zf
- D 告- o t ≧t.
(1 4)
wher ezfisthedepthofw etting&ontL
Sin c ethekin e m atic storage m odela s su m e stha･tthe w atertablehas a c o n stantslopebetwe e nthe
upslope anddow nslopebou ndarie s ofthe sloplng S Oilm a ss, a ndt血 thehydratllicgr adietlt equalsthe
slope oftheimperm e ablebed(asis sho win五gu re1), w ehav e
v -喜LJz
z
:_ h上 m(I)dt
-去LoohL -言Lf2[zfln zf -(zf - hL).n(I/ - hL)- hL] I/ ,hl (.5,
wherehListhe s aturatedthickne ssno r m altothehills ope atthe o utlet
and
Q -la
g
/
/
_ 句
k
s
;in α dt
- k.hLSin α
- flSin α【zfln zf -(2/ - hL)1n(zf - hL)- hL]I/ ,hL (16)
whe nthe s aturated zo n e ris es s otha:t the w atertableinters ectsthe s oils u rfa c e(zf- hL< 0),(15)and
(16)m u stbe m odified s eparatelya s;
v -去(L･ Ls)I.
z
J
o(I)dk
-喜(L･ L.)[o.zI-f2Z,.n(zf - 1)】 zF ≦hl
a nd
Q - sin α].
ZJ
年sdt＋ILB
- sin a[k.z[ - flZf(.n z/ -･.)トL s zf ≦h,
whereL8isthe s aturatedslopele ngth
the n
,
bysubstituting(9),(15)or(17),(16)or(18)into(1)weha v e:
Or
(17)
(1 8)
1. Q(t) = O t ≦b (1 9a)
2. whe ntd<t ≦t汁td
塾
dt
隻
dt
＋
＋
両 【
ln 2
/
- .n(zf - hL,]告- 諾 L々
f2
2fl由n α
La'.
I Lf2ln(zf
- hL)
2Ⅰ
【z/ln z′ -(I/ - hL)ln(I/ - hL)]
a).Tf2ln(zf - hL)
2Ⅰ ･'oo - f2.nZ/'告
a.zf
- f2Z/ln zf ＋f2Zf
L
B
zf> hL
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(1 9b)
＋2IL- 2sin atKozf - f.zf'ln zf - l'LL(の? - f2.n ZI'告
a)off
- f2Zfln zf ＋f2Z/
3
. whe nt>tr＋td
dh
L f2
dt a).
1 f2ln(zf
＋
2f.sin a
La)o-LF2ln(zI - hL)
- .n'zf
- hL']%-
zf≦hL (1 9c)
2(Ko ＋fl)sin α
I･ a'
o
- Lf21n(l[-hL)
[zfln z/ -(zf -hL)1n(I/ - hL)]zr,hL
Or
dL
B
2Ⅰ ･'oo - f2lnzf)告
dt
‾
a,ozr
- f2Z′1nzf ＋f,zf
エ
∫
2sin α【Kozf - I.I/On zf I 1']･ L'oo - f2ln zI'告
a)oaf
- f2ZIln z/ ＋f2Zf
h
L
(1 9 d)
zf≦hL (1 9e)
Byjoining(19),(11),(14)w e c an obtainthe valu e s of hL OrLsofa nytim e, and bys ubstitutinghL OrLs
irltO(16)or(18)separ atelyw e c an obtain thedis charge&o mthehills opeQ(I)
Ge o m etric and hydr ogeologicalpa∫a m eters ofthe unde rlying m odeltroughu sed in the se
sim uhtion are as:B(width ofthe underlying m odeltr o ugh)-2SOc m, D = 100cm, L-5 00c m, cL=3o,
ko- 0･02c血/min, fl- O1003cm/bin, のo- 0･16, f2-0.2, and N=3.0 . W e c o mpa redthe solutions ofour
m odel
,
Sloan
'
s m odel and∫.S.Robins o n
'
s m odel with obs e rv ed value sfor rainfalle v erlt1
,
ev e nt2
,
e v ent3(as sho win 五gu r e2-4 andtable1-3)･ The re s ults ofc omparis o n show that ou rm odelyields
e x c elle ntre s ults atsim ulatingtotalvalue ofinterBo w, pe aktim e, pe ak flow anddelaytim e.
DIS C IJSION
In this paper w eha v epr e se nted a simple, appr oxim ate m odel ofinte rflo w for an idealized,
r epres e ntativehills opeforfo r estc atchm ent. This m odelisba s edo nthebalan c e ofw ate r, D arcy
'
sla w
andkine matic a ssu mption. Initspr e s entfo rm the a nalysisincludes theseco ndition that the s atu rated
zon eisform ed ats o m edepthbetw e e n surfa c e a nd bottom ofs oilpro丘Ie, o r a土the su rfa ce ofs oil, or at
thebottom ofs oil
,
w hichdepends 0n the rainfallrate and the nature ofs oil, a ndthe analysisin clude s
the effe ct ofthe uns aturated z o neduringboth w etting a nd drain age. It c allbe usedto sim ulate the
s ubs urface re sporlSefo r age n e ral, simple rainfallev e nt, andit c anyieldago odr esult 8tPr edictingthe
totalvolu m e of intelilo w, peaktim e, delaytim e and peakflo w , But, for s om e big sto r m s(su ch a s
event1),itis nota ccurate atpredictingthe valu e ofpeak flow . h ad dito n,itsdis adv a ntageis thatit
c a notpr edict theduratio n ofinterflo w a c c urately, andtherislnghydrographa nd fallinghydrograph
predicted bythis m odelis steepe rtha n obse r v edr esults･ The re as o n l SProbablythat the a ss u mpti on Of
apisto n-likedryingfront and w etting&ontis used in the analysis,but the as su mpt10nis cle arly not a
good o ne[Beven, 1 982].
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table l Compariso n of e v er[tl
r esults DI打.(min) D.T(min) T.V(m
3
) P.T.V P.T(min) P.F(1/min) P.P
o 町 m Odel 6 06 0 0.92 7 0% 1 80 374.08 64%
Slo an
'
s nl Odel 64 0 3 0.41 5 7% 1 80 15 7.89p 78%
Robin son
'
s tn odel 62 0 12 0.94 68% 192 30 7.67 66%
.obs erv edvalu e 1 600 0 0.71 1 00% 1 80 24 0,92 100%
Table 2, ConlDaris on of rainfall ev e nt2
results Dur.(min) D.T(min) T. V(m
3
) P,T.V P.T(min) P.F(1/mh) P.P
o ur m odel 6 06 0 0.45 98% 18 O 150.83 94%
Slo an's n l Odel 64 0 3 0.2 6 6 0% 18 0 100.5 1 63%
Robi皿SO n
ウ
s m odel 620 21 0.6 66% 201 189.84 83%
observ edvalu e 210 0 0 0.44 100% 18 0 161.ll 100 %
Table 3. Co mparis on of rah dall ev e nt3
results DⅦr.(min) D.T(min) T.V(m
3
) P.T,V P.T(m m) P.F(1 血1n) P.P
ol汀 m Odel 105 0 0 0.48 88% 30 0 107,6 96%
SloaJl
'
s m odel 1050 5 0.34 62% 300 7 7.01 70 %
Robinso n
'
s m odel 1200 4 0 0.43 79% 340 8 4.8 7 76 %
obs e rv edvalu e 2300 0 0.54 1 00% 300 112.03 100 %
Ⅵ l 耶 Dtu･isdu rLltio n･ D･T isd 血ytlm 8, TIV jstotalv olm T,e,P･T･ViBPrecision of totalv olⅧ le,P･T i8PC aktim e, P･Fispeak 丑o w,PIP iBPreC18ion ofpeakno w.
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CO N CLUSI O N
Acc o rdingtothe sim ulation ofinter批) w on hills opein fo re st c atchm e nt ofChangbai Mou ntain
w e c an c on cludethat:
I
, T he s aturated c o ndu ctivity de c rea se slogarith mic ally withdepth into the s oilpr oBlein fore st
c atcblnent.
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2
.
3.
4.
T he effectiv e po r o sity de cr e a ses logarith mically wi th depth into the s oilproBle in fo rest
ca,tchm ent.
Thetotalvolu m e ofinterno w in cr e a se withrainf3h11at the sam e raiⅠ血11r ate, and de crea sewith
r?infallrate at the s ame rainfallinfo r e stc atchm e nt.
The delaytime ofinte rflow de cr e ases with rainfallrate when the 血Ⅰ血1lrateisle ssthan the
s u rfa ce s atur ated c o ndu ctivity ofs on m ass, and is0 when the raiI血11r ateis gre ater than the
s urfa c e sa:tu r atedc o nductivityofs oilm a s.
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